U,S.  DEPARTMENT  OF  COMMERCE 
National  Technical  Information  Senice 

AD-A032  963 


THE  PERFORMANCE  OF  TWO  BQEING-GM  WHEELS 
(GM  VI!  AND  GM  VIII)  FOR  THE  MANNED 
LUNAR  ROVER  VEHICLE 


Army  Engineer  Waterways  Experiment 
Station,  Vicksburg,  Mississippi 


February  1971 


^ -'a 


MISCELLANEOUS  PAPER  M-71-3 


-/•Wr.7*  *1 

h VS 


THE  PERFORMANCE  OF  TWO  BOEING-GM 
WHEELS  (GM  VII  AND  GM  VII!)  FOR  THE 
MANNED  LUNAR  ROVER  VEHICLE 


A.  J.  (Swif:-,  K.-J-  M «lw 


|a*'«'ety  ■ .r’** 

j ) Wft 

* *.•„  *•  i+  % 

■acT^lS 
■*\  v*if  - -'•yga 

* ^ oA[»-  \SiC 

A .•/; > 1 


% /f 

%mfi 

■ V“'3 

• i'jST.SS-  ' 
iiVjftM*-  ,«5 


D D C. 


DEC  9 H76 


■i  F*\ 


Destroy  this  report  when  no  longer  needed.  Da  not  return 
it  to  the  originator. 


the  finding*  in  thi*  report  are  not  to  be  conilroed  ai  an  official 
Department  of  the  Army  position  onlen  *o  designated 
by  other  authorised  document*. 


STflT, 

LO  i ^ > „ 


I 


THE  CONTENTS  OP  THIS  REPORT  ARE  NOT  TO  BE 
USED  FOR  ADVERTISING,  PUBLICATION,  OR 
PROMOTIONAL  PURPOSES,  CITATION  OF  TRADE 
NAMES  DOES  NOT  CONSTITUTE  AN  OFFICIAL  EN- 
DORSEMENT OR  APPROVAL  OF  THE  USE  01'  SUCK 
COMMERCIAL  PRODUCTS, 


Sii 


69545 


FOREWORD 


The  study  reported  herein  was  conducted  by  personnel  of  the 
Mobility  Research  Branch  (MRB),  Mobility  and  Environmental  (M&E) 

Division,  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES).  The 
study  was  sponsored  by  the  Lunar  Exploration  Office,  National  Aeronautics 
and  Space  Administration,  Washington,  D.  C.,  and  it  was  under  the  techni- 
cal cognizance  of  Dr.  N.  C.  Costes  of  the  Space  Sciences  Laboratory, 

George  C.  Marsh:.  . Space  Flight  Center  (MSFC) , Huntsville,  Ala.  The 
work  was  performed  unt  NASA  — Defense  Purchase  Request  No.  H-65056A, 
dated  16  December  1969. 

The  tests  were  conducted  under  the  general  supervision  of 
Messrs.  W.  C.  Shockley  and  S.  J.  Knight,  Chief  and  Assistant  Chief, 
respectively,  of  the  M&E  Division;  and  under  the  direct  supervision  of 
Mr.  A.  J.  Green  and  Dr.  K.-J.  Melzer  of  the  Research  Projects  Group, 

MRB.  This  report  was  prepared  by  Mr.  Green  and  Dr.  Melzer. 

The  wheels  used  in  this  study  were  furnished  by  the  A.  C.  Electronics 
Division  of  General  Motors  Corporation  in  cooperation  with  the  Boeing 
Company  (Huntsville,  Ala.)  and  KSFC. 

Acknowledgment  is  made  to  Dr.  D.  R.  Freitag,  Assistant  Technical 
Director,  WES,  for  his  advice  and  assistance  during  this  study. 

COL  Levi  A.  Brown,  CE,  and  COL  Ernest  D.  Peixotto,  CF.,  were  Directors 
of  WES  during  the  conduct  of  this  study  and  preparation  of  this  report. 

Mrj  F.  R.  Brown  was  Technical  Director. 
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(Reproduced  from  WES  Technical  Report  >1-70-2,  "Performance  ot  W,\o 
Lunar  Vehicles."  Many  symbols  shown  are  not  used  in  this  report. 


ce  of  V. ho. 2 Is  for  j 
s report.) 


Shear  area,  cm^  (in . ^ ) ' ! 

2 2 

Hard-surface  contact  area,  cm*  (in.  ) : 

2 2 

Active  grouser  area,  cm  (in.  ) 1 

Width  of  wheel;  width  of  grouser*,  cm  (in.)  j 

Cohesion  of  the  soil,  kX/m  (psi)  j 

2 

Apparent  cohesion  of  the  soil,  kX/m  (psi) 

2 

Cohesion  determined  from  bevame ter  tests,  kX/m  (psi)  1 

2 I 

Cohesion  determined  from  sheargraph  tests,  kX/m  * (psi)  j 

Cohesion  determined  from  plate  in  situ  shear  tests,  kX/n\2  (psi) 

2 • I 

Cohesion  corresponding  to  tangent  friction  angle,  kX/m'  (psi) 

9 
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; Cohesion  determined  from  trenching  tests,  kN/m  (psi) 

C Force  due  to  apparent  cohesion  of  the  soil,  X (lb)‘ 

3.  # 

Coefficient  of  uniformity  of  the  soil  =*  d^/d^Q 
d Wheel  diameter,  cm  (in.) 

Mean  diameter  of  soil  grains,  mm  (in.) 

160  Grain-size  diameter  at  60  percent  finer  by  weight,  mm  (in.) 

D Depth,  cm  (in.)  , - e . \ 

D*  , Compactibility , % *»  100  iiiiB-J 


Relative  density,  % “ 100  [ e~  ^ ~~'e ] 

Initial  void  ratio  ' 

Maximum  void  ratio 
Minimum  void  ratio 
Friction  force,  X (lb) 

3 

Penetration  resistance  gradient,  MX/m  (pci*) 

Bekker  soil  values 

Count  ratio  (wet  density) 

■Count  ratio  (moisture  content) 

Torque,  m-N  (ft- lb) 

Number  of  grousers  embedded  in  soil 
Pull,  N (lb) 
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Power  number,  M/Wr  (1  - s) 

® 2 

Cone  ponetratton  resistance,  kN/m  (psi) 

Radius  of  shear  head,  cm  (in.) 

Effective  wheel  radius,  cm  (in.) 

Length  of  torque  am,  cm  (in.) 

Ratio  of  performance  ?2q/W  (modified  wheel/original  wheel) 

Soil  potential  ratios  (modified  wheel /original  wheel)  for 
plate  in  situ  shear  tests 

,R*  Soil  potential  ratios  (modified  wheel/original  wheel)  for 
vacuum  triaxial  testa 

t 

a Slip,  Z 

s.  Average  settlement  of  the  plate  in  the  in  situ  shear  to3ts 
A 2 

s Shear  stress  determined  from  bovnmeter  tests,  kS/a  (psi) 
b 2 

s Shear  stress  determined  from  sheargraph  tests,  kN/m  (psi) 
c 2 

s Shear  stress,  determined  from  vane  shear  tests,  kN/m  (psi) 
v * 

S Soil  potential 

Soil  potential  (plate  in  situ  shear  tests) 

Soil  potential  (vacuum  triaxial  tests) 

k» 

v Translational  speed  of  a wheel,  m/sec  (fps) 

V Volume  [ 

v Moisture  content,  % (percent  of  dry  density) 

w'  Moisture  content,  g/cm  (pcf)  (mass  per  volume) 

W Load;  weight,  N (lb) 

z Grouser  height,  cm  (in.) 

a Slope  angle,  deg 

3 

Y Wet  density,  g/cm  (pci) 

3 

Dry  density,  g/cm  (pci) 

Ya  Specific  gravity 

AA  Horizontal  displacement  of  the  plate  in  the  i n situ  shear  tests 
AV/V  ’ Volume  change,  Z 
c Axial  strain,  Z 

n*  Efficiency  » ratio  of  recoverable  energy  to  total  energy  input 

X Passive  earth  pressure  factor  for  Rankinc  case 

p 2 

o Stress,  kN/m  (psi) 

• • ■ • .2 
o1  Major  principal  stress,  kN/m  (psi) 

Minor  principal  stresses,  kN/m  (psi) 


V°3 


Preceding  page  Hank 


a Normal  stress,  kN/m  (psi) 


X* 


2 

x Shear  stress,  kX/m  (psi) 

x . Energy  component  of  total  shear  s tress 
^ « 

<>  _ Friction  angle,  deg 

Friction  angle  determined  from  beyameter  tests,  deg 
$ Friction  angle  determined  from  sheargraph  tests,  deg 

Friction  angle  determined  from  direct  shear  tests,  deg 
Peak  friction  angle  determined  from  plane  strain  tests,  deg 
$ ^ Friction  angle  determined  from  plate  in  situ  shear  testa,  deg 
True  friction  angle,  deg 

* A 

^ Secant  friction  angle  determined  from  triaxial  tests,  deg 
<)  Tangent  friction  angle  determined  from  triaxial  tests,  deg 
u Rotational  velocity  of  the  wheel,  rprn 
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SUMMARY 


Two  candidate  wheels  for  the  Boeing-GM  Manned  Lunar  Rover  Vehicle, 
one  fabric- covered  and  one  constructed  of  open-vire  mesh,  were  tested 
for  mobility  performance  in  a fine  sand.  Four  levels  of  sand  strength, 
representing  cohesion  values  ranging  from  zero  to  0.16  pci,  were  used 
in  the  tests.  The  cohesional  and  frictional  properties  of  the  sand 
spanned  a range  that  is  believed  to  include  the  probable  range  of  lunar 
soil  properties. 

A dynamometer  system  was  used  to  conduct  programned-slip  tests 
. vith  the  wheels.'  The  slip  was  varied  from  a negative  slip  of  15#  to  a 
positive  slip  of  100/S.  The  wheels  were  tested  at  the  average  design 
load  (59  lb)  and  at  75  and  125JS  of  that  load,  so  the  influence  of  load 
imbalance  and  dynamic  load  transfer  could  be  assessed.  The  average 
speed  at  0 percent  slip  was  3 ft /sec. 

The  test  results  show  that  the  covered  wheel  was  able  to  achieve 
the  desired  tractive  performance  (pull/veight  ratio  - 0.h7»  equivalent 
to  climbing  a 25-deg  slope)  in  the  two  strongest  soil  conditions,  but 
not  In  the  two  weakest  ones.  The  open  wheel  was  not  able  to  achieve  thi 
tractive  performance  in  any  of  the  soil  conditions  tested.  In  the  same 
soil  condition,  the  maxi nun  pull/veight  ratio  for  the  open  wheel  was 
consistently  less  than  that  for  the  covered  wheel. 

The  power  required  to  attain  a given  level  of  tractive  performance 
(below  the  maximum  for  a given  wheel)  was  about  the  sane  for  both  wheels 
in  all  soil  conditions.  The  power  requirement  was  greater  on  the  weaker 
soils  than  on  the  stronger,  and  -it  increased  almost  linearly  with  in- 
creasing pull/veight  ratio.  On  level  soil,  each  wheel  required  about 
7 vhr/kn  at  the  nominal  rated  load  of  59  lb. 

There  was  no  consistent  difference  in  the  dimensionless  perform- 
ance ratios  (pull/veight,  power  number,  efficiency)  as  a direct  result 
of  any  of  the  three  loads  used.  Thun,  the  effects  of  moderate  load 
imbalances  do  not  appear  critical. 

The  soil  condition  designated  CQ  van  easily  compacted  by  pannage 
of  the  wheel.  The  results  of  one  test  vith  each  wheel  in  this  soil 
condition  showed  that  the  covered  wheel  compacted  the  soil  to  a denne-r 
state  than  the  open  wheel  did. 


THE  PERFORMANCE  OF  TV/Q  BOEING-GH  WHEELS  (GH  VII  AND  GH  VIII) 
TOR  THE  HANKED  LUNAR  ROVER  VEHICLE 


PART  I:  INTRODUCTION 


Background 

1.  Tests  conducted  in  the  summer  of  1909  by  the  U.  S.  Army 
Engineer  Waterways  Experiment  Station  (WES)  to  quantify  the  perfor- 
mance of  the  40-in. dian  Bendix,  Boeing-GM,  and  Grumman  wheels 
indicated  that  the  latter  two  wheels  (as  delivered  to  WES)  did  not 
meet  the  requirements  for  slope-climbing  ability,  i.e.  ?S  deg  on 
sandy  soil.  Accordingly,  during  the  course  of  that  test  program, 
simple  modifications  of  these  two  wheels  were  made  in  an  attempt  to 
improve  their  performance.  In  the  case  of  the  Boeing-GM  wheel,  it 
was  demonstrated  that  both  reducing  the  stiffness  of  the  wheel  and 
adding  a fabric  cover  to  it  improved  its  performance.  These  tests 
are  fully  reported  in  NES  Technical  Report  No.  K-70-J?.* 

?.  After  the  contract  for  the  Manned  Lunar  Rover  Vehicle  (KLRV) 
system  was  awarded  to  The  Boeing  Company,  its  subcontractor.  General 
Motors  Corporation,  fabricated  two  new  40-in. -diar.  wheels,  one  with 
inner  and  outer  wire -mesh  surfaces  sop~ratcd  hy  a layer  of  fabric  and 
with  traction  spikes  attached  to  the  outer  surface,  and  the  other  cf 
open  wire  mesh  and  with  chevron  metal  treads  (see  fig.  1).  At  the 


*Freiteg,  D.  R. , Green,  A.  J.,  ar.d  Reiner,  K.-J\  . "Performance  Ew.'u- 
tie::  cf  Wheels  for  Lunar  Vehicles,"  Technical  Report  No.  R-70-  7 , 
March  1970,  U.  ?>.  Army  Engineer  Waterways  Experiment  Station,  CH 
Vicksburg , !' i ssiss  i;o  i . 
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request  of  the  George  C.  Marshall  Space  Flight  Center  (KSFC),  WKS 
conducted  tests  to  evaluate  the  performance  of  these  two  wheels. 

The  results  are  reported  herein. 

Purpose  and  Scope 

JL 

3.  The  purpose  of  this  test  program  was  to  determine  the 
quantitative  performance  of  the  fabric-covered  wheel  (G!!  VII)  and 
the  open-wire -mesh  wheel  (Gf!  VIII).  The  test  program  consisted  of 
a series  of  single-wheel  programme d- si ip  tests  in  the  sane  sand  uved 
in  the  earlier  tests*.  As  had  been  done  in  these  earlier  tests,  the 
consistency  of  the  sand  was  varied  to  cover  a range  or  echo  sir:  .*«? 
and  frictional  properties  to  simulate  soil  conditions  assured  to 
exist  on  the  noon.  Four  soil  conditions,  S^,  CQ,  C'^,  and  C?  (see 
table  1),  wore  used  in  the  test  program.  Initially,  tests  were  to 
be  conducted  on  each  noil  condition  at  50,  75,  300,  125,  and  150% 
of  the  design  load  of  55-60  lb.  However,  by  mutual  agreement,  testing 
at  50  and  150%  of  the  design  loads  was  deferred.  The  same  soil,  wheel, 
and  wheel-performance  parameters  measured  in  earlier  tests  were  measured 
in  this  test  program. 


PART  II:  TEST  PROGRAM 


Soil 

Description 

The  soil  used  in  this  study  was  a fine  dune  sand  from  the 
desert  near  Yuna,  Arizona.  It  was  classified  SP-SH  according  to  the 
Ifciified  Soil  Classification  System.  Gradation  and  classification  data, 
together  with  density  and  void  ratio  values,  are  given  in  fig.  2.  This 
soil  is  primarily  cohesionless,  but  it  exhibits  a snail  amount  of 
cohesiocv  particularly  when  damp. 

Preparation 

5.  Level  surfaces.  The  desired  soil  condition  in  dry  sand  was 

obtained  in  the  following  manner:  The  test  bins  were  filled  and  the 

soil  was  plowed  with  a seed  fork  to  a depth  of  12  in.  Tor  loose 
conditions,  no  compact ion  effort  was  necessary,  so  the  surface  of 

the  plowed  section  was  screeded  level;  for  the  denser  conditions,  com- 
paction was  applied  at  the  surface  with  a vibrator  before  screed ing. 

0 

The  relation  between  dry  density  and  relative  density  for  the  material 
is  shown  in  fig.  3. 

6.  To  prepare  the  vet  sand,  a batch  of  dry  sand  was  spread  on  the 
floor,  water  was  added,  and  the  material  was  thoroughly  nixed  until  the 
desired  moisture  content  was  reached.  The  material  was  then  dumped  into 
the  bins  for  further  processing  (i.e.  compacting  end  levelling),  which 
was  the  sane  as  fer  the  dry  sand.  The  moisture  level  in  these  sections 
was  held  constant  by  covering  then  when  not  in  use  and  occasionally 
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spraying  the  surface  very  lightly  with  water  to  compensate  for  evapo- 
ration. The  vet  soil  was  reprocessed  in  place,  being  removed  from  the 
soil  bins  only  when  a different  level  of  moisture  was  required.  During 
the  testing  cycles  in  this  test  program,  the  uniformity  of  soil  con- 
ditions was  ensured  by  frequent  determination  of  moisture  content  and 
density  and  by  measurements  with  the  cone  penetrometer. 

Test  equipment 

7,  The  dynamometer  system  used  in  these  tests  can  accommodate 

loads  from  approximately  15  to  slightly  more  than  t’OO  lb,  and  wheels 

ranging  from  18  in.  to  4S  in-  in  diameter.  Vertical  load,  horizontal 

force  (drawbar  pull),  torque,  sinfcape,  carriage  speed,  and  wheel  speed 

were  continuously  measured  during,  each  test  by  instrumentation  on  the 

dynamometer  carriage.  The  nverag.c  translational  wheel  speed  at  0 per- 

cen'  slip  was  approximately  3 ft/sec;  the  rotational  speed  was  constant, 
* . • 

Test  Procedures  end  Interpretation  of  Data 

8.  A progrcnr.ed-clip  technique  was  used  in  all  the  single-wheel 
tests.  The  test  was  started  when  the  wheel  was  in  the  negative  slip 
ranp.e,  i.e.  the  translational  speed  of  the  carriage  was  greater  than 
that  of  the  wheel.  The  carriage  was  slewed  at  a programmed , uniform 
rate  (wheel  speed  was  approximately  constant)  to  cause  the  wheel  to  pass 
through  the  zero-torctue  pcint,  the  0 1 slip  point,  the  self-propelled 
point,  etc.,  as  slip  progressively  increased  tc  100%. 
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9.  The  relation  of  pull  ant!  torque  to  slip  can  be  shown  by  two 
curves,  such  as  those  in  fig.  4 that  represent  data  obtained  with  the 
open-nesh  wheel  (GK  VIII).  Pull  and  torque  increased  at  a decreasing 
rate  and  often  reached  a plateau  after  a slip  of  about  20%  had  been 
achieved.  Although  all  tests  were  not  identical,  pull  and  torque  in 
nearly  all  of  then  had  reached  a plateau,  or  significantly  lover  rate 
of  increase,  at  a slip  of  20%,  so  data  for  eonparing  performance  of 
the  two  wheels  were  read  at • 20%  slip. 

10.  The  general  shape  of  the  efficiency  versus  slip  curve  for 
the  GK  VIII  wheel  is  shown  in  fig.  5.  This  relation  was  generally 
similar  to  that  for  the  CM  VII  wheel.  However,  in  some  instances,  a 
peak  efficiency  point  was  d.,ffficult  to  determine.  Tor  consistency 
and  ease  of  comparison,  efficiency  at  20%  slip  was  recorded  for  all 
the  tests. 


11.  The  plot  of  the  power  number  PN  Q'/’-r^d-sTJ  versus  the  pull 

coefficient  P/W  (see  fig.  6)  is  especially  import ant , since  it  expresses 

the  energy  consumed  per  unit  of  distance  per  unit  of  wheel  or  vehicle 

weight  in  relation  to  drawbar  pull/siope-clinbing  ability.  PH  at  0 

pull,*  PN  on  a 15-deg  slope  (PB^)f  PH  on  a 25-deg  slcpe  (P!l^^),  and 

P!!  at  the  point  on  the  curve  where  PH  ascends  almost  vertically  (PH  ) 

max 

were  recorded.  To  obtain  vhr/km  conforming  to  a slope  of  15  deg,  read 
the  value  of  PH^  or  P/U  = 0.27  (tan  15&  = 0.27),  and  multiply  this 


value  by  the  desired  wheel  lor.d  cr  vehicle  weight 


in  Hewtons  and  the 


fraction  1000/3500. 
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PART  III:  PRESENTATION  AND  ANALYSIS  OP  RESULTS 


Soil  Tests 

12.  The  soil  tests  conducted  in  this  program  included  cone  and 
plate  penetration  resistance,  moisture  content,  density,  plate  in-situ 
shear  with  a rough-surfaced  rectangular  plate,  and  plate  in-situ  shear 
data  collected  previously.* 

13.  Values  of  the  following  parameters  pertinent- to  the  tests 

reported  herein  are  contained  ir.  table  1:  penetration  resistance 

gradient,  G;  bevameter  values,  k , k,,  n,  d. , and  c,  ; cohesion  from 

c r i)  x> 

trenching  tests,  c ; tangent  friction  angle  from  triaxial  tests, 

«T  ; friction  angle  from  plate  in-situ  shear  test,  d ; density,  y> 
t Pi, 

relative  density,  and  moisture  content,  w. 

Performance  of  the  Fabric-Covered  Wheel  (CM  VIT) 

• • • 

Pull  and  torcuc 

14.  The  relations  of  the  pull  and  torque  coefficients  to  slip  on 
soil  prepared  to  four  different  consistencies  are  shown  in  figs.  7-10. 

t 

The  following  observations  can  be  made: 

a.  The  rate  of  increase  in  pull  and  torque  coefficients  vith 
slip  in  the  0-20>  slip  range  generally  increased  vith  soil 
strength,  and  the  point  at  which  the  slope  of  the 
torque-slip  end  pull-slip  relation's  changed  rapidly 
was  reached  at  a lower  slip  in  the  stronger  materials. 

*Ibid.,  pi. 
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For  example,  this  point  vas  reached  at  about  13%  slip  on 
the  Cg  soil  condition  (G  = 12.0  psi/in.),  and  at  slightly 
greater  than  20J5  slip  on  the  soil  condition 
(G  a 2.0  psi/in.). 

b.  There  vas  no  clear-cut  tendency  frr  the  wheel  to  perform 
better  at  the  design  load  than  at  the  other  loads  (75  tuid 
12555  of  design  load). 

c.  The  pull-slip  curves  did  not  display  the  well-defined 
plateaus  that  were  noted  for  the  llO-in.-diam  wheels  tested 
in  the  earlier  program.*  Instead,  they  showed  n gradual 

increase  in  pull  coefficient  vith  slip  in  the  20-80J5  range. 

Power  number  versus  pull  coef- 
ficient/slopc-climbing  ability 

15.  Plots  of  power  number  versus  pull  coefficient /slope  angle  for  the 
test  loads  on  each  of  the  four  soil  conditions  are  shown  in  figs.  11-lh. 

The  following  observations  can  be  made: 

a.  Power  number  increased  directly  vith  pull  coefficient  (or 
slope  angle)  to  a maximum,  or  near  maximum,  value  of  the 
latter  dual  parameter  and  then  rose  almost  vertically, 

b.  Ko  significant  or  consistent  effect  of  load  per  se  van 

* evident . 

c.  The  power  number  between  zero  and  the  maximum  pull  coeffi- 
cient (or  slope  angle)  generally  vas  higher  for  the  two 
lower  soil  strengths  (Cq,S^)  than  for  the  two  higher 
strengths  (C^Cg). 

36.  The  curves  in  figs.  11-3.1:  can  be  used  to  compute  the  power 


* Ibid.,  p 1. 
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consuaption  rate  on  level  and  sloping  surfaces  by  the  fci-svula 
Power  consumption  rate  = Til  x - load  (N) 

in  units  of  vhr/km/vheel 

For  example , from  fig.  11,  the  power  number  for  a 59-lb  (260-N)  load  on 
a 15-deg  slope  is  read  to  be  0.^6.  Thus  the  power  consumption  rate 


(per  wheel)  is 


Efficiency 


0.H6  x 


1000 


x 260  = 33.3  vhr /km/wheel 


17.  The  relative  efficiency  of  the  wheel  is  shown  in  table  2.  In 
terns  of  the  ratio  of  output  work  to  input  work  at  the  20J»  slip  point, 


efficiency  ir  expressed: 


"’20  - S7&-  •<*-»  - TT  (1-)  ■ -r 

e 


It  is  noted  that  n'  does  not  vary  noticeably  vith  lond,  but  does  show 
an  increase  as  soil  strength  increases.  This  trend  supports  the  reason- 
ing that  more  work  is  dissipated  in  deforming  the  weaker  soils. 

Sinkage 

18.  In  general^  einfcages  were  small.  The  greatest  sinkage  occurred 
during  tests  in  the  CQ  soil  condition.  The  relation  of  sinkage  to  slip 
fof  a 59-lb  load  in  the  CQ  soil  condition  is  shown  in  fig.  15. 

Performance  of  the  Oper.-Wi re-! to sh  Wheel  (GM  VIII ) 


Pull  and  torque 

19.  The  relations  of  the  pull  and  torque  coefficients  to  clip  for 
the  GM  VIII  wheel  tested  on  soil  prepared  at  the  same  consistencies  as 
these  for  the  tests  with  the  fabric-covered  weed  are  shown  in 
figs.  16-19.  The  following  observations,  generally  parallel  to  those 
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given  for  the  fabric-covered  wheel,  are  made: 

a.  The  rate  of  increase  in  torque  coefficient  with  slip, 
in  the  0-20?  slip  range,  tended  to  increase  with  soil 
strength,  and  the  point  at  which  the  slope  of  the  torque- 
slip  relation  changed  rapidly  was  reached  at  a lover  slip 
on  the  stronger  soils. 

b.  Again,  there  was  no  clear-cut  indication  that  performance 

was  best  at  any  particular  load.  The  pull  coefficient 

increased  slightly  throughout  the  20-80?  slip  range. 

Power  number  versus  pull  eoef- 
ficient /slope-climbing  ability 

20.  The  relations  of  power  number  versus  pull  coefficicnt/slope- 
clinbing  ability  for  the  four  soil  conditions  are  presented  in  figs.  20-23. 
The  power  requirement  is  higher  in  the  loose,  compactiblc  material  partic- 
ularly the  and  Cq  soil  condition.  The  open-mesh  wheel  begins  to  pick 
up  soil  at  about  10-20?  slip,  particularly  the  loosest  wet  sand,  and  carry 

it  inside  the  vhecl;  more  and  more  soil  is  picked  up  as  slip  increases, 

• » • 

so  that  at  80?  slip  on  the  Cq  soil  condition,  the  wheel  may  be  carrying 
as  much  as  25  lb  of  soil  (see  fig.  2h),  Fig.  25  shows  the  wheel  at  the 
design  load  operating  on  a C.  soil  condition  and  illustrates  that  there 

i u 

may  be  energy  losses  due  to  sand  transportation. 

21.  The  trapping  and  retention  of  sand  within  the  wheel  arc  tenta- 
tively attributed  to  cohesion  or  adhesion  of  the  sand  particles.  Scien- 
tists at  the  lunar  receiving  laboratory  found  that  the  lunar  soil  particles 
tended  to  adhere  one  to  enother  during  sieving  operations,  and  so  be 
retained  on  sieves  with  openings  much  larger  than  the  particle  size.  It 
seen?  probable,  therefore,  that  the  open-mesh  wheel  may  experience  the  pare 
problem  during  a lunar  traverse. 
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Efficiency 


22.  The  efficiency  { n * ) of  the  vheel  did  not  display  an  definite 
trends  relatable  to  load,  but  the  average  values  for  a given  soil  con- 
dition shoved  a systematic  increase  in  efficiency  with  soil  strength. 

The  total  increase  over  the  range  vas  30£.  This  trend  is  in  line  with 
the  assumption  that  motion  resistance  due  to  soil  deformation  increases 
as  the  soil  strength  decreases. 

Sink age 

23.  The  relation  of  sinkoge  to  slip  for  the  soil  condition  with  the 
smallest  penetration  resistance,  Cq  , is  shovn  in  fig.  26.  The  load  for 
this  test  was  59  lb. 


Comparative  Performance  of  Covered  and  Open  Wheels 


2h . Contact  pressure,  vheel  deformation,  and  tire  print  data  meas- 
ured on  an  unyielding  surface  at  loads  representing  50,  75*  100,  125*  and 

150#  of  the  design  load  are  listed  in  table  U for  both'  wheels . 

• * 

Pull  and  torque 

25.  In  general,  the  covered  vheel  developed  higher  pull  end  torque 

at  a given  slip  level  and  a higher  maxinur.  pull  than  did  the  open  vheel. 

» 

Both  wheels  shov  the  some  trends  toward  variations  in  performance  with 
load  and  soil  strength. 


Power  number  versus  pull  coef- 
ficient/slope-cl  5 nbir.g  aid lity 

26.  The  power  requirements  of  the  tvo  wheels  at  the  self-propelled 
point  cn  a level  surface  were  not  appreciably  different.  The  data  in 
tables  2 end  3 and  the  graphic  displays  indicate  that  the  covered  vhec-1 
may  be  able  to  negotiate  slopes  of  25  deg  or  greater  in  the  denser  soils 
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■nr.-ar.4MMi 


rj  vest**** 


(with  some  cohesion),  while  the  open-mesh  wheel  may  not.  Maximum  slope- 
climbing  ability  of  the  open-mesh  wheel  is  estimated  at  approximately 
20  deg. 

Efficiency 


27*  Chi  the  average,  efficiencies  at  the  20#  slip  level  were  about 
the  same  for  both  wheels,  and  both  wheels  developed  the  poorest  efficiency 
on  the  loose,  wet  sand  (C^)  soil  condition.  Teat  the  efficiency  of  the 
covered  wheel  nay  be  considerably  greater  at  higher  slips  is  indicated 
in  a comparison  of  the  data  shown  in  figs.  27  and  2C;  that  is,  the  spread 
between  the  torque-slip  and  pull-slip  curves  for  a given  pass  is  lower 
for  ».he  covered  wheel  at  slips  greater  than  about  35#  . 

Sinkage 


26.  It  caii  be  noted  in  figs.  15  and  26  that  the  sinkage  for  the  open- 
mesh  wheel  was  generally  larger  then  that  of  the  covered  wheel;  in  fact, 
it  was  about  twice  as  large. 

Repetitive  traffic 

29 • I’roM  visual  observation,*  it  vas  judged  that  the  covered  wheel 
compacts  the  soil  more  than  the  open-mesh  wheel  does,  and  thus  leaves  a 
firmer  material  in  the  path  over  which  succeeding  wheels  travel.  That 
is;  the  covered  wheel's  performance  is  improved . on  the  second  and  third 
. passes  (the  pull  coefficient  increases  with  each  pass),  as  shown  in 
fig.  27.  The  pull  coefficient  for  the  orcr.-r.esh  wheel  (fig.  ?Ji)  chows  no 
definite  tendency  to  be  altered  by  traffic.  The  torque  coefficient  for 
the  oper.-mesh  wheel  begins  to  increase  rapidly  at  slips  greater  than 
about  35#.  This  increase  is  tentatively  attributed  to  the  large  amount 
of  sand  being  thrown  by  the  wheel  and  carried  within  it. 
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PART  IV:  CONCLUSIONS 


30.  The  data  collected  and  analyzed  thus  far  are  considered 
adequate  to  form  the  following  tentative  conclusions: 

a.  The  covered  wheel  had  greater  traction  and  slope- 
climbing ability.  . . 

b.  Power  consumption  rates  (whr/kn)  were  not  greatly 
different  for  the  two  wheels  on  level  surfaces  and  slopes 
of  15  deg  or  less. 

c.  Present  trends  in  the  analysis  indicate  that  power 
efficiency  may  be  much  lower  for  the  open-mesh  wheel 
than  for  the  covered  wheel  at  slips  greater  than 

55  percent. 

d.  In  general,  the  data  indicate  that  the  wheels  did 
not  perform  any  better  at  one  load  than  at  another. 

e.  On  the  C^  soil  condition,  the  covered  wheel  showed 
a tendency  to  improve  performance  on  the  second  and 
third  passes  in  the  same  path,  whereas  the  open-mesh 
wheel  did  not. 
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Table  1.  Soil  Test  Results  (Before  Traffic) 
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Table  1 (Concluded) 
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Table  2.  Results  of  Tests  with  the  CM  VIZ  (Covered)  Wheel 
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